In this study, we present the results from a series of ReaxFF molecular dynamics (MD) simulations to uncover the underlying mechanisms behind the nucleation and growth of incipient soot particles from polycyclic aromatic hydrocarbons (PAHs). PAHs, namely, naphthalene, anthracene, pyrene, coronene, ovalene and circumcoronene, are selected for ReaxFF MD simulations over a range of temperatures from 400 to 2500 K. Distinctive mechanisms of incipient soot formation are identified with respect to PAH mass and temperature. At low temperatures (e.g., 400 K), all types of the above PAHs can nucleate into incipient soot particles in stacked structures due to physical interactions. With the increase of temperature, the possibility of physical nucleation decreases for each PAH. At moderate temperatures (e.g., 1600 K), it becomes difficult for these PAH monomers, except circumcoronene grows into incipient soot particles. When the temperature increases to 2500 K, all the PAHs become chemically active, which not only leads to the formation of incipient soot particles but also takes the graphitization with the increase of the carbon-to-hydrogen (C/H) ratios in the particles. In addition to the formation of fullerene-like soot particles, stacked particles connected by 'carbon bridges' are also observed for large PAHs like coronene, ovalene and circumcoronene.
Introduction
Carbon materials, including zero-dimensional (0D) fullerenes, 1D nanotubes, 2D graphene and 3D graphite, are commercially produced in high-temperature aerosol environment by flame synthesis [1] and attract extensive attention in the materials science and condensed-matter physics [2] . At the same time, soot, composed of impure carbon, is generated from incomplete combustion of hydrocarbons and fossil fuels, which has a detrimental impact on the combustion efficiency [3] , atmospheric visibility [4] , and human health [5, 6] . For both kinds of carbon-based materials, which are typically generated in high-temperature environments, it is accepted that nucleation is the starting point of the whole gasto-particle conversion process [1, 7] . Unfortunately, this nucleation process is currently poorly understood. Based on abundant numerous experimental studies, polycyclic aromatic hydrocarbons (PAHs) are widely accepted to be the precursors for fullerenes, graphite and soot [8e10] . Currently, there are three postulated soot nucleation paths [7] , namely physical nucleation of PAHs into stacked clusters [11, 12] , chemical nucleation of PAHs into crosslinked three-dimensional structures [13, 14] and generation of fullerene-like structures [15] . Though the above mechanisms all contribute to soot nucleation in flames, their relative importance or feasibility at different temperatures is still unclear. Due to the highly complex nature of soot inception, in recent soot modeling efforts [16, 17] , typically only the physical dimerization of PAH is taken into account for soot nucleation.
From an experimental perspective, determination of the low number density and short-lived PAHs is very difficult via laboratory methods [7] , let alone detailed in-situ observation of soot nucleation and further growth. The complexity of the chemical and physical reactions during soot nucleation, makes it both numerically and experimentally challenging. Previous studies of the physical nucleation of soot are performed utilizing atomic simulation methods, such as density functional theory (DFT) calculations [7, 18, 19] , molecular dynamics (MD) simulations [20e26] and Monte Carlo (MC) simulations [27] . Besides the dispersive and electrostatic forces [11] , localized p-electron states in aromatic molecules are also reported to contribute to the PAH dimerization by DFT calculations [7, 18, 19] . Compared to DFT, MD is more capable to cover a wider range of mass distribution and to shed light on issues involving formation of incipient soot particles from PAH monomers. Frenklach et al. [12] utilized MD with the on-the-fly quantum forces to study the physical dimerization of PAHs and concluded that the energy transferring from translational energy to internal rotational and vibrational energy helps to extend the lifetime of dimers. Violi et al. [20e22] conducted MD simulations to investigate the growth of dimers to clusters and suggested that the aliphatic chains attached to aromatic sites facilitate the growth of soot particles at high temperatures. In the MD simulations performed by Kraft's group [23e25], a transferable anisotropic potential for PAHs was developed to study the physical nucleation of PAHs into soot particles and size-dependent melting of PAH clusters [26] . In addition, Rapacioli et al. [27] reported that stacked PAH conformation is the most stable based on MC simulations. All above MD and MC simulations are based on semi-empirical or empirical force fields that only describe physical nucleation. However, incipient soot particles comprised of PAHs by chemical bonds are also ubiquitous at temperatures above 1500 K as reported by D 0 Anna in the opposed-flow ethylene flame [28] . Therefore, an alternative simulation method is desirable to overcome the limitations of the simulation time and the atom number in quantum mechanics (QM) simulations as well as the rigid connectivity between atoms in classical MD and MC simulations. ReaxFF MD is developed to describe the dynamic process involving both physical and chemical reactions for large systems at the atomic level with affordable computational cost [29] . In this paper, we utilize the ReaxFF MD to investigate the soot nucleation and growth from PAHs of different masses at varied temperatures. By examining the sizes of soot particles and tracing the structural evolutions, we are able to divulge the underlying soot nucleation mechanisms of temperature and PAH mass dependence.
Methodology

Simulation method
The ReaxFF force field is based on bond order/bond length [31, 32] and parameterized against QM-based training sets. The ReaxFF force field includes the following energy components:
where terms on the right-hand-side of the equation represent bond energy, over-coordination energy penalty, under-coordination stability, lone pair energy, valence angle energy, torsion angle energy, van der Waals energy, and coulomb energy, respectively. Charge equilibration (QEq) is performed to adjust the partial charge on individual atoms. A more detailed description of ReaxFF energy terms can be found in the literature [29] . On account of the accuracy, ReaxFF force field is similar or better than Parameterized Model number 3 (PM3). As for the computational cost, ReaxFF is about 100 times faster than PM3 and 10000 times faster than DFT calculations [28] . The ReaxFF C/H/O description in this paper was developed by incorporating ReaxFF CHO [29] and ReaxFF C-2013 [33] , and Kr þ ) to study nucleation of carbon nanotube from hydrocarbon precursors [34] , high-kinetic energy collisions of nanoparticles and noble gas ions with graphene [35, 36] . The similarity between graphene and PAH [37] indicates that the ReaxFF C/H/O force field should be capable of describing thermal and chemical properties of PAHs. The parameter sets for C/ H/O description can be found in the supplementary material.
Simulation procedures
According to the mass spectra of high-molecular weight species in flames, PAH monomers are detected with mass ranging from about 100 to 700 amu [38] with carbon-to-hydrogen (C/H) ratio of 1.4e2.5 [39] . Therefore, PAHs constituted of 2-, 3-, 4-, 7-, 10-, and 19-numbered aromatic rings are selected and investigated in this study. The corresponding structures of PAH monomers are displayed in Fig. 1 . Before MD simulations, the structure of each PAH monomer is minimized via a conjugate gradient algorithm. Each of the minimized PAH monomers is duplicated 50 times and then randomly distributed in a cubic box of 100 Â 100 Â 100 Å 3 . Subsequently, a system energy minimization is performed. Then interactions between PAH monomers in a system are eliminated and the vibrational equilibrium of every monomer is performed to the specified simulation temperature for 1 Â 10 6 iterations with a time step of 0.25 fs, while the translational and rotational components of the monomer are kept zero. In experiments, the well-distributed translational and rotational velocities come from sufficient collisions with surrounding molecules, which, however, is difficult to achieve within the limited durations in MD simulations. Thus, based on the principle of equipartition of energy, the translational and rotational velocities of PAH monomers are given in Maxwellian distributions of the specified temperature. Details of distributing the translational and rotational velocities among PAHs in a system at a certain temperature can be found in the supplementary material. Afterwards, dynamic processes of soot nucleation from different types of PAH are performed in the constant temperature canonical ensemble (NVT). Simulation temperatures are chosen at 400, 800, 1200, 1600, 2000 and 2500 K. Each simulation takes 8 Â 10 6 iterations with a time step of 0.25 fs, which accounts for a total simulation time of 2 ns. Compared to the ab initio MD simulations performed by Frenklach et al. [12] , classical MD simulations by Violi et al. [20] and Kraft et al. [23] , our ReaxFF MD simulations overcome the limitations of the simulation duration, atom number as well as temperature range (above 1600 K). The Nos e-Hoover thermostat with a damping constant of 100 fs is adopted to control the system temperature. All the simulations are repeated for three times with different initial conformations to evaluate statistical relevance. MD simulations are performed using ReaxFF force field, which is implemented in the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) package [40] . Snapshots and movies in this study are prepared by the Visual Molecular Dynamics (VMD) software [41] .
Post-processing method
For incipient soot particles comprised of PAHs with chemical bonds, it is relatively easy to identify them from the atomic connection tables. However, for physical binding, an appropriate criterion to distinguish soot particles from PAH monomers is desirable. Dimerization of PAH monomers leads to stacked, T-shaped, 'shifted graphite' as well as crossed conformations [23] , though stacking the PAH molecules yields the most stable motif [27] . From experimental studies, the inter-layer plane spacing for the stacked PAH structures ranges from 3.5 to 3.9 Å depending on the degree of misalignment of the stacked layer planes [42e45]. Therefore, in terms of the above possible conformations, interatomic distance (d) is measured as the nearest two atoms from different monomers shown in Fig. 2 (a) and compared to an interatomic distance criteria (D). That is, if the interatomic distance is less than the criterion, it is believed that the two monomers belong to one cluster or particle. Here, for example, growth of an incipient soot particle from coronene monomers at 400 K is scrutinized by utilizing criteria of 3, 4 and 5 Å and the results are displayed in Fig. 2  (b) . The monomer numbers in the soot particle are quite consistent when employing criteria of 4 and 5 Å compared to that of 3 Å. Moreover, as the intermolecular energy determines the PAH dimerization, binding energy profiles of coronene dimer in centerto-center conformation are tracked as a function of the masscenter-distance of the compounds at temperature ranging from 400 to 2000 K and attached in the supplementary material. By increasing the temperature, changes in the depth and place of the deepest potential well are essentially the same from 400 to 2000 K. The largest depth of intermolecular potential well of PAHs happens when the interatomic distance is about 3e4 Å and PAH dimers are stable around the minimum energies. Hence, criterion of 4 Å is used for our later analysis to distinguish PAH monomers from soot particles or clusters at the temperature range from 400 to 2000 K.
Results and discussion
Based on the computational settings described in the previous sections, relationship between the PAH type/mass and temperature as well as evolutions from PAH monomers to incipient soot particles are discussed in this section. Due to the thermal stability of PAHs, decomposition of PAH may only happen at temperatures above 2000 K [46] . Below the decomposition temperature, two distinctive processes are observed, (1) physical nucleation of PAHs into incipient soot particles at low temperatures is discussed in Section 3.1 and, (2) formation of PAH dimers/trimers at elevated temperature is displayed in Section 3.2. Above the decomposition temperature, formation of incipient soot particles through chemical reactions is analyzed in Section 3.3. Finally, in Section 3.4, we summarize the soot nucleation mechanisms in terms of PAH masses and temperatures and compare them with literature data.
Physical nucleation
Detailed physical nucleation process of coronene at 800 K is displayed in Fig. 3 and the corresponding movie is attached in the supplementary material. Through tracing the conformation evolution, nucleation of incipient soot particles by physical interaction can be well understood. Initially, randomly distributed coronene monomers collide with each other to form PAH dimers. Most of the dimers are in stacks, but a few T-shaped dimers are also observed at time instants b and c (Fig. 3) . This is in agreement with the results from Rapacioli et al. [27] who found the stacked PAHs are the most stable. Next, these dimers collide with monomers or dimers to form trimers or tetramers (Fig. 3c) . It is noteworthy that one- dimensionally aligned coronene stacks are composed of a maximum of 4e5 monomers at time instants d (Fig. 3) . This is consistent with the HR-TEM images of soot particles extracted from diesel engine as the average number of coronene monomer in stacks was reported to be 3.85 [47] . Moreover, T-shaped conformations of 3e4 stacked monomers with one monomer perpendicular to them on the side are also found during this period. Then, at time instant e (Fig. 3) , collisions between PAH stacks lead to the formation of incipient soot particles comprised of stacked clusters in three-dimensional shapes. All the above events occur within the initial 150 ps With the increase of the particle size, the particle number density in the system decreases significantly, which leads to the decrease of collision frequency and consequently the rate of soot growth after 150 ps. Later, collisions between soot particles lead to the formation of much larger soot particles as shown from time instants h to i (Fig. 3 ). The final soot particle tends to be spherical with locally aligned stacked clusters, which is also described as a turbostratic structure [43, 45] .
No nucleation
When the temperature increases to 1600 K, the dynamic behaviors of the coronene monomers are recorded and displayed in Fig. 4 and the corresponding movie can be found in the supplementary material. Initially, collisions between PAHs lead to the formation of some dimers and few trimers. However, the dimers or trimers are quite unstable and may dissociate through collisions with surrounding monomers. Throughout the simulation, none of them survives to grow further into incipient soot particles. Since the translational velocity and collision frequency between PAHs at 1600 K are higher than that at 800 K [23] , the binding energy between PAHs is not strong enough to stabilize the dimer or trimer from evaporation. This consequently limits the growth from PAH dimers or trimers to incipient soot particles. According to the previous studies [7, 12, 16] , dimerization is regarded as the first nucleation step. In our simulations, we do observe the formation of PAH dimers and trimers, but they cannot grow further into soot particles at elevated temperatures. Therefore, we propose that formation of relatively larger PAH clusters instead of PAH dimers is essential for the continuous soot nucleation and further growth.
Chemical nucleation
When the temperature increases to above 2000 K, PAHs become thermodynamically unstable and decompose to small radicals or molecules. A detailed dynamic process for PAH fragmentation and soot nucleation, starting from circumcoronene monomers at 2500 K, is shown in Fig. 5 . In order to have a better understanding of the fragmentation and reorganization, variations of the number of carbon rings from triangles up to octagon are summarized in Fig. 6 . As displayed in Fig. 5 , formation of the incipient soot particles through chemical nucleation can be roughly divided into three stages. Initially, from approximately 0 to 1000 ps, PAH dehydrogenation takes place to produce aryl radical from time instants a to b (Fig. 5) -the dissociated H is highlighted in yellow. The aryl radical is unstable and further reaction happens from steps c to d (Fig. 5 ) pairs appear at the edges of the cracks as a result of edge rearrangements seen at time instant e (Fig. 5) , which can also be found in Fig. 6 as the numbers of 5 C-member and 7 C-member rings increase simultaneously during the same period.
Afterwards, from approximately 1000 to 1700 ps, followed by successive CeC bonds splitting, the number of 6 C-member rings decreases dramatically as shown in Fig. 6 . Linear or branched polyacetylenic-like radicals or small molecules like C 2 H 2 are generated from ring-opening reactions. These radicals help the growth of soot particles in later stages. Our simulation results are in good agreement with theoretical work and experimental results on PAH fragmentation [48] . That is, H-and C 2 H 2 -loss are the lowest energy channels and all H atoms in a PAH monomer have similar binding energies [49] with values almost independent of the PAH size [50, 51] . Further growth from the carbon-based fragments to soot particles is observed in two separated ways as highlighted by path A and path B in Fig. 5 . For path A, the polyacetylenic chain radicals connect to the aryl radicals from time instants f (A) to g (A) (Fig. 5) . Subsequently, another PAH connects with the aryl radical by H abstraction. These PAH dimers, with the PAH planes parallel to each other, are connected by polyacetylenic chains -highlighted in orange at time instant h (A) (Fig. 5) . Further growth from the PAH dimer to PAH cluster is shown at time instant i (A) (Fig. 5) . The stacked structure is more like what have been observed during the physical nucleation at low temperatures but connected by 'carbon bridges' on the edge. The connecting covalent bonds are much stronger than the physical interactions, which prevents evaporation at high temperatures. This explains the reason why the number of 6 C-member ring does not decrease to zero before increasing again in Fig. 6 after 1700 ps The other nucleation path, indicated as path B in Fig. 5 , is through self-assembly formation of a fullerenelike soot particle. Resulting from the ring-opening and fragmentation process at the initial stage, abundant polyacetylenic linear and branched chains are formed and connect to form long chains with branches as shown in g (B) (Fig. 5) . Then the mixed chains connect to some intact PAHs or aryls which act as the nuclei for the reorganization or condensation of the 6-member rings as shown in h (B) (Fig. 5) . During this process, the number of 6 C-member ring increases dramatically accompanied by the increase of pentagon/ heptagon (5/7) pairs as shown in Fig. 6 after 1700 ps and the orange-highlighted conformation at time instant i (B) (Fig. 5) . Moreover, it is observed that some of the 7 C-member rings are occasionally surrounded by more than one 5 C-member rings. This makes the number of 5 C-member ring slightly higher than that of 7 C-member ring in Fig. 6 . In addition, the presence of the 5 Cmember-ring is reportedly responsible for the bending of the graphene sheets -resulting in the formation of spherical soot particles [52] .
Mechanisms of soot nucleation
In this section, we present a quantitative analysis of the soot inception from different types of PAHs over a range of temperatures. Generally speaking, incipient soot particles are regarded in the size of 1e6 nm [39] . In soot modeling, it is accepted that the mass densities for soot particles comprised of coronene and pyrene are 1.12 and 0.98 g/cm 3 [24] , respectively. Hence, an equivalent particle diameter is evaluated from the particle mass and density in our simulations. The number of monomers and the corresponding particle diameters are listed in Fig. 7 . For pyrene and coronene particles comprised of 5 monomers, we find that particle diameters are 1.484 and 1.620 nm, respectively. Therefore, if the number of monomers in a soot cluster/particle is larger than 5, nucleation of soot particle is considered to occur. In a simulation, several soot particles are formed simultaneously. Therefore, only the soot particle comprised of the largest number of PAH monomers is evaluated in our study. Since PAH decomposition and reorganization happen at 2500 K as reported in Section 3.3, an equivalent number of PAH monomers in a soot particle is expressed as the ratio of the particle mass to the corresponding monomer mass. Fig. 8 includes the growth of the largest soot particles from all the six types of PAH at temperatures from 400 to 2500 K and each line is averaged from three independent simulations with different initial conformations. In account of the soot nucleation rate, the initiation and growth at temperatures below 2000 K are significantly different from that at 2500 K. That is, soot inception happens at very initial stage before reaching its plateau at temperatures below 2000 K for each type of PAH. Since PAHs are physically bound in particles below 2000 K, their interactions are occasionally too weak to withstand the collisions from other particles. This consequently results in the break of a particle into smaller ones and the decrease of particle size for circumcoronene at 1600 K as shown in Fig. 8 . When the temperature increases to 2500 K, for large PAHs like coronene, ovalene and circumcoronene, steady growth of soot particles starts after 1500 ps Whereas for naphthalene, anthalene and pyrene, it requires much longer time for the growth to initiate. In addition, growth of soot particle is stage-wise through collision between PAHs or clusters at temperature below 2000 K compared to the gradual trend at 2500 K.
Based on Fig. 8 , final sizes of the maximum soot particles formed from each PAH at different temperatures are summarized in Fig. 9 , together with the averaged C/H ratios in the corresponding particles. For anthracene and pyrene, we added simulations at 600 K to find more feasible temperatures for soot nucleation. The interplay between the temperature and the size of the maximum soot particle for all the six types of PAHs is consistent. That is, at temperatures below 2000 K, size of the maximum soot particle first increases and then decreases with the increase of temperatures. However, when the temperature rises to 2500 K, sizes of soot particles increase once more. In addition, for each type of PAH at temperatures below 2000 K, the C/H ratios in the maximum soot particles maintain the same as the corresponding PAH monomers. However, at 2500 K, the C/H ratios increase sharply for all the PAHs, illustrating the dehydrogenation and graphitization during the soot nucleation. It is in good agreement with the previous studies as mature soot particles grows by the addition of mass and is accompanied by graphitization [39, 46, 53, 54] .
Finally, according to the behaviors of different types of PAHs at The number of PAH monomer, PAH type and the correspondingly equivalent particle diameter of incipient soot particle.
varied temperatures, we summarize the temperature and PAH mass dependent homogenous soot nucleation mechanisms in Fig. 10 . Physical nucleation of incipient soot particles is strongly dependent on the temperature as well as PAH mass as indicated in Figs. 8 and 9. At low temperatures, e.g., 400 K, physical nucleation of incipient soot particles is applicable to all the six types of PAHs through step-wise addition of monomers or clusters and forming incipient soot particles comprised of stacks in different orientations. With the increase of temperature, the feasibility to form incipient soot particles decreases with the decrease of PAH mass. Specifically, naphthalene, anthracene and pyrene, with 2-, 3-and 4-numbered aromatic rings, cannot grow into incipient soot particles at temperatures above 800 K. Instead, predominant formation of dimers, trimers or tetramers is observed. When the temperature rises to 1200 K and above, coronene with 7-numbered aromatic rings can no longer form incipient soot particles. A similar phenomenon happens for ovalene at temperatures above 1600 K. Only circumcoronene, with 19-numbered aromatic rings, is found to form incipient soot particles even at 2000 K. Details of the physical nucleation and no nucleation for all the PAHs are in the way as shown in Figs. 3 and 4 . The boiling/sublimation temperatures of naphthalene, anthracene, pyrene and coronene [55] are consistent with the physical nucleation threshold line from the ReaxFF MD simulations. For coronene, ovalene and circumcoronene, we also compare the highest temperatures for feasible homomolecular dimerization from the equilibrium constants calculation as shown in Fig. 10 . Findings in our simulations are highly consistent with these theoretical results. That is, below the boiling temperature or dimerization temperature, physical nucleation of PAHs leads to the formation of incipient soot particles; above the boiling temperatures, PAHs cannot condense to form incipient soot particles. At high temperatures (2500 K), PAHs are thermodynamically unstable [46] and growth of incipient soot particles results from chemical reactions. Though we observed chemical events took place at 2500 K on a ReaxFF MD simulation of nanosecond scale e on experimental time-scales the temperature for chemical nucleation may be substantially lower. Before soot nucleation, decomposition and fragmentation of PAHs initiated. For naphthalene, anthracene and pyrene, we only observe the soot growth in the way of path B (Fig. 5) , that is, through the self-assembly formation of fullerene-like soot particles. This can be understood from the fact that the small PAHs cannot survive the decomposition stage and most of the PAHs experience the ring-opening processes before carbon-based chain radicals connect to them. The above process follows the bottom-up mechanisms, as fullerene-like soot particles are considered to be formed from polyacetylenic linear and branched chains [56] instead of directly being formed from a "twodimensional" PAHs curve [15] . Chuvilin et al.'s [56] experiments indicated that direct formation of a fullerene-like structure from graphene has a relatively narrow range of diameters averaging about 1 nm, corresponding to 60e100 carbon atoms. In our simulation, the largest PAH monomer (circumcoronene) contains 54 carbon atoms, which is still smaller than the critical size. Moreover, the peak concentrations of PAHs in premixed sooting flames drop by roughly one order of magnitude with the increment of two pericondensed rings [7] . In other words, the existence of PAH monomers with carbon numbers larger than 60 is extremely rare.
Conclusions
In this paper, nucleation of incipient soot particles from simple to complex PAHs is studied using ReaxFF MD simulations. PAH monomers constituted of 2-, 3-, 4-, 7-, 10-, and 19-numbered aromatic rings, namely naphthalene, anthracene, pyrene, coronene, ovalene and circumcoronene are studied. Both qualitative and quantitative investigations into the formation of incipient soot particles from these PAHs are conducted over the typical temperatures in high-temperature aerosol environment ranging from 400 to 2500 K. Three distinctive regimes are identified for soot formation as a function of temperature and PAH mass. At low temperatures (e.g., 400 K), all the PAHs experience physical nucleation and form incipient particles comprising stacked clusters with different orientations. With the increase of temperature, PAH dimers and trimers are formed but these do not grow further into incipient soot particles. Large PAH monomers have a higher possibility of growing into incipient soot particles than small PAHs due to stronger physical interactions. The threshold lines dividing the physical nucleation and no nucleation regimes are identified for each type of PAH, which agree well with the boiling/sublimation and feasible dimerization temperatures of the PAHs. At 2500 K, PAHs grow to incipient soot particles by the chemical mechanism. PAH monomers firstly experience ring opening with the abstraction of H, C 2 H 2 and polyacetylenic chain radicals. For large PAHs like coronene, ovalene and circumcoronene, polyacetylenic chain radicals help to connect them to form soot particles in stacked structures with 'carbon bridges' on the edge. Additionally, the dissociated radicals connect with each other and nucleate to form fullerene-like soot particles for all types of PAHs. Results from this study indicate the importance of temperature on the mechanisms of soot nucleation from PAHs and provide insight for developing a more accurate soot nucleation model by considering temperature and PAH mass together with physical and chemical effects.
